Section S1. XRD probing.
The beam profile in the transverse direction z is given by a normalized function g(z) with the centroid placed at z=0, so that (S1) This function was determined experimentally using the digitized X-ray radiographs shown in Figure 1 . The experimental beam profile approximately corresponds to a Gaussian ( ) with ≈11.0±0.3 m, which corresponds to 18.3 mm fwhm. For each true beam
position , which is known from the absolute motor position of the cell, the centroid z 1 of the
probed volume was calculated as
where L=114 m is the electrode thickness. The corresponding true positions and centroids These centroids are given as the effective layer depths in the tables and plots. For a concentration profile c(z), the layer average C(z 1 ) for a beam centered at is given by 0 (S4)
This quantity can be calculated for any trial c(z) and compared with our experimental observables. The normalization in eq. S4 takes into account the geometric overlap of the X-ray beam with the graphite matrix shown in Figure 1 , but it does not take into account matrix porosity. We remind that lithium concentrations calculated in section S2 are given per unit C 6 cell of graphite as opposed to the volume, so these quantities already take into account pores in the matrix (and any inhomogeneity resulting from porosity gradients). We emphasize that unless c(z) is constant (i.e., there is no concentration gradient) there is no a priori reason to expect that the average of ( 1 ) corresponds to the volume average of c(z), which is given by
To produce plots shown in Figure 9 , we assumed that for
so that whereas for we assumed the polynomial expression
and . The coefficients in eqs. S5 and S6 were determined using the nonlinear least squares
minimization of deviations between the experimental and theoretical calculated using eq. S4 ( 1 ) with the experimental for each layer. Figure 9 in the text shows the resulting profiles c(z).
( ) Section S2. Derivation of Eq. 1.
Let be the fractional Li content per C 6 of the ordered LiC 6y phase j (y=1-5 in Table S2 ), I j = 1 be the relative integrated flux of scattered X-ray photons from this phase, m j be the multiplicity of the Bragg reflection originating from this phase in the peak region of interest, and be the corresponding scattering factor (see Table S2 for estimates of these parameters for specific LiC 6y phases). The scattering intensity for each phase j is given by
where is the number of unit cells in the probed volume and  is the (unknown) proportionality coefficient that is the same for each phase j. Since each LiC 6y cell contains one lithium atom and C 6 units, the number of lithium atoms contained in the LiC 6y phases in the probed volume is
given by
whereas the number of C 6 units in the same volume is given by
The sum of individual contributions in eq. S8 (S9)
gives the total number of the C 6 units in the probed volume, whereas the sum of [ 6 ] contributions given by eq. S7 adds to the total number of Li atoms in the same volume. This allows exclusion of , obtaining
where x is the average Li content (over all phases) and x j are individual contributions to this average from each LiC 6y phase in the probed volume. As the theoretical capacity is calculated assuming one Li atom per C 6 atoms of graphite, these expressions also give the lithiation extents. The total concentration of C 6 units in eq. S9 is also given by (S12)
where Gr pertains to X-rays scattered by graphite before the matrix becomes lithiated (as the same number of graphite cells is present before and after the lithiation). We used the latter expression in all data processing. The advantage of normalization using eq. S10 is that it excludes shot noise, whereas using eq. S12 minimizes possible effects due to errors in the scattering factors (as the graphite values are the most accurate), but introduces shot noise. Note that only ordered LiC 6y phases are considered in this derivation.
The equivalence of eqs. S9 and S12 gives a convenient internal check on the consistency of scattering factors in eq. S7, as this equivalence can be rewritten as ,
Here index refers to a time series of measurements at Since eq. S13 holds at any time, we = .
can require that coefficients globally minimize deviations from unity, so that .
(S16)
Using the calculus of variations, it is easy to show that optimum coefficients are given by the solution of a matrix equation (S17) ∑ ( ∑ ) = ∑ and the scattering factors for each phase can be obtained from these coefficients using eq. S15. While this approach would yield the most internally consistent estimates for and , we used the independently estimated scattering factors from Table S2 to reduce uncertainty of the analysis even though it means deviations from the optimum given by eq. S16. Figure S1 . Cycling history of the Gr/NCM523 cell. Cycles 1 and 2 (shown in green) are two conditioning cycles carried out at a ~C/20 rate and used to develop a stable SEI layer on the graphite electrode. These cycles were followed by three 1C cycles during which the cell was examined using EDXRD. In the main text we detail only data for cycle 5, whereas in this Supplement we also show the data for cycles 3, 4 and 5 ( Figures S2 and S4 ). The inset shows the coulombic efficiency (CE) of the cell as a function of the cycle number. During the first formation cycle, the CE is considerably less than 100% due to formation of the SEI that traps lithium ions; for the fifth cycle, the CE is approximately 98%. Figure 10 in the text with the error bars for the gradients determined from the nonlinear least squares fit procedure explained in section S1. Figure S7 . Evidence for residual lithiated stages I and II (LiC 6 and LiC 12 phases, respectively) at the end of 1C discharge followed by a 30 min potentiostatic hold at 3 V. X-ray diffraction patterns for cycles 3 (D3), 4 (D4), and 5 (D5) in Figure S1 are shown in each panel. It is seen that near the electrode surface (layer L 0 in panel a) the removal of LiC 6 and LiC 12 is complete, while at the back of the electrode near the current collector (layer L 4 in panel b) it is incomplete. This residual Li can be partly responsible for the coulombic efficiency of 98% seen in the inset of Figure S1 . 
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